DNA sequences coding for 81% of the ompA gene from 24 chlamydial strains, representing all chlamydial species, were determined from DNA amplified by polymerase chain reactions. Chlamydial strains of serovars and strains with similar chromosomal restriction fragment length polymorphism had identical ompA DNA sequences. The ompA sequences were segregated into 23 different ompA alleles and aligned with each other, and phylogenetic relationships among them were inferred by neighbor-joining and maximum parsimony analyses. The neighbor-joining method produced a single phylogram which was rooted at the branch between two major clusters. One cluster included all Chlamydia trachomatis ompA alleles (trachoma group). The second cluster was composed of three major groups of ompA alleles: psittacosis group (alleles MN, 6BC, A22/M, B577, LW508, FEPN, and GPIC), pneumonia group (Chlamydia pneumoniae AR388 with the allele KOALA), and polyarthritis group (ruminant and porcine chlamydial alleles LW613, 66P130, L71, and 1710S with propensity for polyarthritis). These groups were distinguished through specific DNA sequence signatures. Maximum parsimony analysis yielded two equally most parsimonious phylograms with topologies similar to the ompA tree of neighbor joining. Two phylograms constructed from chlamydial genomic DNA distances had topologies identical to that of the ompA phylogram with respect to branching of the chlamydial species. Human serovars of C. trachomatis with essentially identical genomes represented a single taxonomic unit, while they were divergent in the ompA tree. Consistent with the ompA phylogeny, the porcine isolate S45, previously considered to be Chlamydia psittaci, was identified as C. trachomatis through biochemical characteristics. These data demonstrate that chlamydial ompA allelic relationships, except for human serovars of C. trachomatis, are cognate with chromosomal phylogenies.
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KALTENBOECK ET AL. (49) . b Serovars were determined by Perez-Martinez and Storz (36) . RFLP types were determined by Fukushi and Hirai (15) .
and intermolecular disulfide bonds to the structure of the chlamydial envelope (4) . Four evenly spaced variable domains (VD), which determine the serovars of C trachomatis, interrupt highly conserved regions (2, 50). Macromolecules conserved throughout a genus such as MOMP can serve as molecular chronometers of evolutionary distances within bacterial genera (26, 63) . Phylogenetic relationships between taxa can be inferred from variations in the aligned protein or DNA sequences of such chronometric proteins.
The ompA sequences of 24 chlamydial strains were determined from DNA amplified in polymerase chain reactions (PCR). These gene sequences were aligned with previously published sequences into 23 distinct ompA alleles. Neighborjoining (NJ) and maximum parsimony analyses were used to ascertain the evolution of the chlamydial ompA locus and its relation to the chromosomal genealogy of chlamydial species. (This paper contains parts of a dissertation presented by B.K. to the Graduate School of Louisiana State University in partial fulfillment of the requirements for the degree of Doctor of Philosophy.)
MATERIALS AND METHODS
Chlamydial strains. Twenty-one strains of C. psittaci and C. pecorum (representing at least five biovars, seven serovars, and five RFLP types), two strains of C. trachomatis, and one strain of C. pneumoniae were used to determine the partial DNA sequence of their ompA locus. The origins of these isolates, DNA sequence identity among them as found in this investigation, and other relevant information are summarized in Table 1 .
All chlamydial strains except C. pneumoniae AR388 and C. psittaci KOALA were propagated in developing chicken embryos as described previously (36) . Strain S45 was also cultivated in L-cell monolayer cultures and examined for the presence of glycogen within the inclusions (33) .
Crude chlamydial DNA was extracted from infected-yolksac homogenates as described earlier (22) . Purified DNAs from C pneumoniae AR388 and from C. psittaci KOALA were kind gifts of L. A. Campbell, University of Washington, Seattle, and Adeeb A. Girjes, University of Queensland, Brisbane, Australia, respectively.
PCR amplification of chlamydial ompA DNA fragments. Chlamydial ompA DNA fragments were amplified from 10 to 100 ng of crude chlamydial DNA by PCR (42) . A schematic representation of the ompA locus including the relative positions of oligonucleotide primers used in PCR and DNA sequencing is presented in Fig. 1 , and the primers are listed in Table 2 . Oligonucleotide primers were synthesized in our laboratory on a GenePlus Synthesizer (Pharmacia-LKB, Piscataway, N.J.) by phosphoramidite chemistry and used without further purification. With FEPN Baker were amplified by PCR by using C. psittaci subspeciesspecific primers 1 and 7 (5GPF and 3GPB). Other ompA genes were amplified with Chlamydia genus-specific primers 2 and 8 (-20CHOMP and CHOMP371). Plus-stranded DNA for sequencing was produced by PCR by using primers 1 and 2, respectively, and minus-stranded DNA was produced with primer 7 or 8. Genusspecific primers 3, 4, 5, and 6 (9CHOMP, 119CHOMP, 191CHOMP, and 277CHOMP, respectively) were employed for sequencing minus-stranded ompA DNA fragments, and genus-specific primers 8, 9, 10, and 11 (CHOMP371, CHOMP271, CHOMP185, and CHOMPlll, respectively) served in confirmatory sequencing of positive-stranded ompA DNA. genes of strains BMZ1121, 6BC, B577, wt parakeet, SV139, LW508, FEPN (feline pneumonitis), FEPN Production of single-stranded DNA and dideoxy-DNA sequencing. Single-stranded DNA of the amplified ompA DNA fragments for DNA sequencing was produced in a modification of the asymmetric PCR (24) . This method differed in that only one of the original primers was used at 0.4 ,uM, and incubation at 72°C was performed for 2 min. Ten-microliter aliquots of previous PCR containing the amplified ompA DNA fragment were used for the production of singlestranded DNA. The number of cycles varied depending on the primer: 18 cycles for CHOMP371, 20 cycles for 5GPF, 25 cycles for 3GPB, and 30 cycles for -20CHOMP. A final incubation was not performed.
Single-stranded DNA was purified by centrifugal ultrafiltration and sequenced with Sequenase 2.0 (United States Biochemical Corp., Cleveland, Ohio) as described earlier (24) . The minus-sense, single-stranded DNA of all ompA fragments was sequenced, and positive-sense singlestranded DNAs served as sequencing controls.
Sequence alignment and dissimilarity matrices. In addition to partial ompA DNA sequences obtained in this investigation, we used for phylogenetic inference previously published sequences (38, 67) of C. psittaci MN (meningopneumonitis), A22/M (avian RFLP type), and GPIC (guinea pig inclusion conjunctivitis); C. trachomatis A, B, C, E, F, H, L1, and L2 (2, 19, 37, 39, 50, 66) ; and VD sequences of C. trachomatis Ba, D, G, I, J, K, and L3 (65) . The ompA sequences were aligned by pairwise comparison on the peptide level to ensure correct alignment of functionally homologous residues. The University of Wisconsin Genetic Computer Group software package, version 6.1 (9) , was used to align the deduced MOMP peptides, corresponding to nucleotides 184 to 1170 of C. psittaci MN (67) . Gaps were introduced in the nucleotide sequences according to the aligned peptide sequences. The final alignment included 1,068 putatively homologous nucleotide positions (Fig. 2) , translating into 356 amino acids (Fig. 3) .
Dissimilarities between ompA DNA and MOMP peptide sequences were calculated as 100 minus 100 times the length of the aligned sequences reduced by the number of positions with gaps and mismatches divided by the average sequence length without gaps of the two sequences compared (9) . The dissimilarity matrices of chlamydial chromosomal DNAs were compiled from the data of Cox et al. (8) and Fukushi and Hirai (15) . Averages of the genomic DNA relations between human strains of C. trachomatis were calculated by using additional data (25, 61) .
The deduced amino acid sequences were analyzed for hydrophilicity and amphipathicity in the software package were entered as input in the NJ method for reconstructing phylogenetic trees (43) . The Fig. 2 and Fig. 3 , respectively) because of substantial dissimilarity of ompA alleles LW613 and 66P130 to other ompA alleles. Conserved regions between VD had identical lengths in all ompA genes, while VD differed in length. We sequenced the complete ompA coding region of strains BMZ1121, 6BC, B577, wt parakeet, and FEPN (data not shown) and found that the lengths of 5' and 3' terminal regions were conserved. Thus, the DNA sequence between the start codon and the first nucleotide in Fig. 2 was 183 bp long, and the sequence between nucleotide 1068 in Fig. 2 cysteines at position 321 were found in ompA alleles 66P130, KOALA, and AR388 and at position 75 in FEPN.
A hydrophobic nonapeptide within VD IV was present in all MOMP peptide sequences. VD I, II, and IV in all MOMPs contained linear regions of significant hydrophilicity (data not shown), rendering them potential B-cell epitopes. Such regions might function as antigenic determinants defining the serovar status of the ompA alleles (2, 50). A T-helper-cell epitope has been defined in C. trachomatis MOMP (53) . This peptide, ALNIWDRFDVF (positions 82 to 92 in Fig. 3 ), was conserved in ompA alleles GPIC, FEPN, LW613, KOALA, AR388, S45, and MOPN, and a single substitution of valine to isoleucine was present in MN, 6BC, A22/M, B577, LW508, 66P130, L71, and 1710S. This conservative substitution did not change the overall amphipathicity of the T-cell epitope and is likely to result in an equally effective T-helper-cell epitope.
Sequence dissimilarities among chlamydial ompA loci. We first compared chlamydial ompA DNA sequences by direct alignment without introducing gaps. The complete ompA locus of C. psittaci wt parakeet was identical to that of B577, and that of BMZ1121 was identical to that of MN. Chlamydial strains with identity of the partial ompA genes were SV139 and B577; FEPN, FEPN Pring, and FEPN Baker; 1710S and 1708; and LW613, LW623, FcStra, IPA, E58, L14, and JP1751. The complete ompA DNA sequences of strains 6BC and A22/M deviated by 2 and 11 bases, respectively, from that of MN. The 6BC ompA DNA sequence was identical to the one recently published by Everett et al. (12) . The partial ompA locus of LW508, a mammalian serovar 1 strain of C. psittaci (36) , differed in only three nucleotide positions (two amino acid residues) within the conserved regions from the serovar 1 isolate B577. The complete ompA locus of strain B577 had a single base difference (synonymous substitution at position 793, Fig. 2 ) from that of C. psittaci S26/3, which is, like B577, an isolate from ovine abortion (21) and which was treated as ompA allele B577. The partial ompA DNA sequence of C. pneumoniae AR388 was identical to the sequences of two other strains of C. pneumoniae (7, 32) . The KOALA ompA DNA sequence was surprisingly similar to that of C. pneumoniae AR388 and differed by only 20 nucleotides and 9 amino acids. Generally, chlamydial strains of the same biovar, serovar, or RFLP type (15, 36) had identical or closely related ompA alleles.
We selected one strain of each group of identical chlamydial ompA loci as the representative (ompA allele) for further analysis.
Similarities between partial ompA DNA sequences of chlamydial strains were less pronounced when calculated after the introduction of gaps during multiple pairwise alignments with the University of Wisconsin Genetic Computer Group software. Chlamydial ompA alleles, listed in Table 3 , were aligned as peptide sequences (Fig. 3) . This approach yielded a more consistent alignment of functionally homologous residues than did alignment of nucleotides.
Dissimilarities between partial ompA DNA sequences are presented in the lower triangle of Table 4 . They extend from 0.2 for MN and 6BC to a maximum of 38.4 for the relation of C. pecorum ompA allele 66P130 to C. trachomatis H. The dissimilarities between MOMP peptide sequences were also analyzed (data not shown). DNA sequence dissimilarities below 10% correlated well with peptide sequence dissimilarities, which were not more than 2.5% lower than the observed DNA sequence dissimilarities. However, the peptide dissimilarity was on average 10% lower than the DNA sequence dissimilarity for ompA loci with more than 10% DNA differences. These differences ranged from a minimum of 8.5% peptide dissimilarity and 14.2% nucleotide dissimilarity between 1710S and LW613 to a maximum difference of 21.5% peptide dissimilarity and 36.5% nucleotide dissimilarity between C. pecorum L71 and C. trachomatis A. Alternative codon usage accounted for these differences (5), and we interpreted them as an indication of correct sequence alignment.
Molecular evolution. The 24 partial chlamydial ompA DNA sequences obtained in our study combined with previously published sequences provided a data set for deriving a phylogeny of the ompA locus.
A single chlamydial ompA phylogenetic hypothesis illustrated in Fig. 4 was identified by using the ompA dissimilarity data of Table 4 in the NJ algorithm (41) . Mantel (Fig. 5) . One thousand random permutations of the data set resulted in an average tree length of 2,646 steps and a highly skewed length distribution of these trees, indicating with high probability that the informative sites in these trees exhibited nonrandom character changes.
Both unrooted phylograms had a topology quite similar to that of the phylogram obtained by the NJ method. The main difference was the clustering of AR388 and KOALA ompA alleles with the polyarthritis group of ompA alleles. Also, ompA alleles L1, L2, B, and E of C trachomatis serocomplex B separated in a way slightly different from that of the NJ phylogram. The ompA alleles MN and 6BC, and B577 and LW508, respectively, lacked differences in nonsynonymous characters and were not distinguished. Branching of GPIC and FEPN was the only topological difference between the two equally parsimonious phylograms. GPIC was ancestral to FEPN in tree 2, while they were congeneric in tree 1 (Fig. 5) .
We also performed maximum parsimony analyses with the complete ompA data and with synonymous character changes. The two phylograms resulting for each data set had essentially the same topologies as the trees inferred from the nonsynonymous character changes. The only differences were in branching of S45 and human serovars of C trachomatis. We rejected these hypotheses because the consistency indices were lower (0.542 and 0.457, respectively) than those of the nonsynonymous ompA phylograms.
On the basis of the phylogeny of the genus, we attempted to infer a most parsimonious phylogram of the ompA alleles of the species C. trachomatis. MOPN was specified as outgroup, and the data set consisted of the nonsynonymous sites of the VD region of ompA DNA sequences from all serovars of C. trachomatis. Fourteen equally most parsimonious phylograms which varied considerably in their topologies were found (data not shown). Serovars B, Ba, D, E, L1, and L2 composing serogroup B and serovars A, C, H, I, and J composing serogroup C always clustered. Serovars F and G related to the B complex were a separate group but associated with the serogroup B cluster, and intermediate serovars K and L3 always were grouped with the C complex.
Correlation of the chlamydial ompA phylogeny with the chromosomal phylogeny. Two approaches to estimate the degree of congruence of the chlamydial ompA phylogeny with the chromosomal phylogeny were explored. The sulfadiazine-sensitive chlamydial strain S45 had previously been considered to be C psittaci (49) . This strain should belong to the species C. trachomatis if the ompA tree correctly reflected chlamydial genomic evolution. Iodine staining of S45-infected L-cell monolayers demonstrated the presence of glycogen within the inclusions. Therefore, according to current taxonomic criteria for chlamydiae, we classified strain S45 as C. trachomatis.
Cox et al. (8) and Fukushi and Hirai (15) presented data on the chromosomal DNA-DNA relationships between chlamydiae. We constructed two chromosomal chlamydial phylograms from these dissimilarity data sets (Table 4 , upperright triangle) with the NJ algorithm. The chromosomal DNA dissimilarities between human serovars of C. trachomatis and between strains of C. pneumoniae are less than 8%, and these chlamydiae appear essentially identical within the precision limits of solution DNA hybridization. Averages of the dissimilarity data of these strains were therefore compiled into single OTU as "human C. trachomatis" and "C. pneumoniae," respectively.
Both data sets yielded single, unrooted phylograms with the NJ method (Fig. 6) . Midpoint rooting was impossible in both trees because of statistically equivocal maximum branch path lengths between several OTU. Both trees fit well to the data matrix (0.94 cophenetic correlation for tree A from the data of Cox et al. [8] and 0.84 for tree B from the data of Fukushi and Hirai [15] ).
Tree A displayed three groups of highly dissimilar taxa: human C. trachomatis, C. pneumoniae, and the group of C. psittaci MN, 6BC, ABORTION, GPIC, and FEPN. Similarly, three clusters of chlamydiae with unresolved phylogenetic relationships were present in tree B: human C. trachomatis with MOPN, polyarthritis ompA allele LW613, and the cluster of C psittaci MN, 6BC, B577, and FEPN.
The topology of these phylograms-without considering the unresolved basal branching-is in agreement with the ompA-based trees. The single genomic OTU of human serovars of C. trachomatis exhibits considerable ompA dissimilarities compared with the distance span between ompA alleles MN and GPIC with a divergent chromosome (Fig. 4) .
DISCUSSION
We sequenced a major part of the ompA locus of 24 chlamydial strains and used these data for phylogenetic inference. A phylogenetic tree constructed for a genetic locus does not necessarily represent the evolutionary pathway of the taxa involved. Construction of phylograms from several loci increases the probability of identifying a gene tree that is congruent with the species tree (10) . In this report, we present several lines of evidence that the chlamydial ompA relationships reflect chromosomal DNA differentiation of three chlamydial species but not of the human serovars of C trachomatis.
Does the ompA locus meet the criteria for a useful chronometer of evolutionary divergence with selective neutrality and random nucleotide change (63)? We analyzed by maximum parsimony whether selective forces, which most likely act on the chlamydial ompA locus, have resulted in different phylogenies of synonymous and nonsynonymous ompA sites. Both data sets yielded two equally most parsimonious phylograms with virtually identical topologies. Moreover, these phylograms were highly similar to the one derived by the NJ method from the ompA distances and to the hypothesis put forward by Carter et al. (7) . These results suggest that the chlamydial ompA locus, despite presumably strong selective constraints, may be used for accurate phylogenetic reconstruction.
The lack of an outgroup sequence for Chlamydia spp. precluded testing of monophyly in the phylograms constructed and left some ambiguity about the correctness of the root as found by a numerical method (Fig. 4) . We used the midpoint method to root the ompA phylogram generated by the NJ method. This method is most appropriately applied to phylogenies with constant evolution rates. Such an assumption cannot be tested for a phylogeny consisting only of extant chlamydial ompA alleles. The placement of the root in the middle of a relatively long branch most likely indicates correct rooting. Furthermore, a phylogram of the chlamydial ompA locus inferred by different algorithms from a smaller data set was rooted at a similar position (7) . The 
